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1. Introduction
TGN38 is a type I integral membrane protein
which is predominantly localised to the trans-Golgi
 .network TGN of rodent cells. It was originally
identified as a result of a screening strategy designed
to isolate cDNA clones encoding organelle-specific
w xintegral membrane proteins 1 . Sequence analysis
predicted a protein with a molecular mass of 38 kDa
 .Fig. 1 , but immunoblot analysis of whole cell lysate
using a rabbit polyclonal antiserum raised against a
plasmid-encoded b-galactosidase-TGN38 fusion pro-
tein identified a heterogenously glycosylated protein
w xof 85–95 kDa 1 . This protein was later shown to be
identical to the previously described protein GIMPt
w x .2,3 , Reaves and Banting unpublished observations
and can thus be described as being heavily sialylated,
both N- and O-glycosylated and with a half-life of
approximately 9 h. Immunofluorescence analysis us-
ing the same antiserum generated a juxtanuclear pat-
tern of staining characteristic of the stacked cisternae
of the Golgi apparatus, whilst immuno-gold labelling
and electron microscopic analysis of thin frozen sec-
tions demonstrated that TGN38 is localised to a
tubulo-vesicular network at the trans side of the
w xGolgi apparatus 1 . It had previously been shown
w xFig. 1. General features of TGN38 and its orthologues. See 39
for a more detailed sequence comparison.
that, in cells infected with Vesicular Stomatitis Virus
 .VSV , the G protein of the virus accumulates in the
w xTGN of cells incubated at 208C 4 ; TGN38 co-loca-
lised with VSV-G in virally infected cells which had
w xbeen incubated at 208C 1 . Thus, TGN38 provided
the first endogenous marker for the TGN.
2. Effects of Brefeldin A on the TGN
However, even with current advances in light and
laser microscopy, it remains impossible to discrimi-
nate between membranes of the Golgi stack and those
of the TGN e.g. using antibodies to mannosidase II
to decorate the medial cisternae of the Golgi stack
.and antibodies to TGN38 to decorate the TGN by
immunofluorescence microscopy alone; the resolu-
tion afforded by immuno-gold electron microscopy is
required. This limitation of immunofluorescence mi-
croscopy can be circumvented by incubation of cells
 .in the fungal metabolite brefeldin A BFA . It was
observed by several groups that, in NRK cells, the
membranes of the Golgi stack and those of the TGN
w xrespond differently to BFA 5–7 . The membrane and
contents of the Golgi stack redistribute into the endo-
 .plasmic reticulum ER , whilst those of the TGN
collapse upon the microtubule organising centre
 . . w xMTOC Fig. 2 5–7 . Thus, even at the level of
immunofluorescence microscopy it is possible to dis-
criminate between membranes of the Golgi stack and
those of the TGN.
3. Cycling of TGN38 between the TGN and the
cell surface
Until the recent observation that newly synthesised
transferrin receptors can pass through an endocytic
compartment on their way to the plasma membrane
w x8 , the TGN might have been described as the final
organelle through which newly-synthesised secretory
proteins traffic. As it is, the TGN remains a major
sorting station on the secretory pathway. It is from
this organelle that proteins are delivered to lyso-
somes, constitutive secretory vesicles and regulated
secretory vesicles. Is there any evidence that TGN38
may play a role in these processes? Yes, but nothing
conclusive as yet.
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Fig. 2. Dual label immunofluorescence analysis of methanol fixed NRK cells. Panels A–D represent cells incubated with a rabbit
polyclonal antiserum vs. ratTGN38 and a mouse monoclonal antibody vs. mannosidase II as primary antibodies and a TRITC-conjugated
 .  .swine anti-rabbit Ig panels A and C and a FITC-conjugated sheep anti-mouse Ig panels B and D as secondary antibodies. Panels E and
F represent cells incubated with a rabbit polyclonal antiserum vs. ratTGN38 and a rat monoclonal antibody vs. tubulin as primary
 .  .antibodies and a TRITC-conjugated swine anti-rabbit Ig panel E and a FITC-conjugated goat anti-mouse Ig panel F as secondary
antibodies. Cells in panels A and B were incubated in the absence of BFA prior to fixation, cells in panels C-F were incubated in 5
w xmgrml BFA for 2 h at 378C prior to fixation. Experimental procedures were as previously described 6 .
Although primarily localised to the TGN, TGN38
constitutively cycles between the TGN and the cell
w xsurface 7,9,10 with individual TGN38 molecules
cycling rapidly. Gruenberg and colleagues showed
 . that bafilomycin A1 BafA1 a specific inhibitor of
.vacuolar ATPase blocks the formation of endocytic
 .carrier vesicles ECVs ; structures normally gener-
ated as post early endosome compartments along the
w xendocytic pathway 11 . It was subsequently shown
that incubation of cells in the presence of BafA1 or
chloroquine another perturbant of endosomal lume-
.nal pH led to an accumulation of TGN38 in swollen
w xearly endosomal structures 12,13 . The total popula-
tion of TGN38 molecules was observed to be redis-
tributed from the TGN to the swollen early endo-
w xsomes within 45–60 minutes 12 , indicating that all
TGN38 molecules complete the TGN to cell surface
to TGN circuit at least once every hour. Thus, im-
muno-localisation studies provide an accurate repre-
sentation of the steady-state distribution of TGN38,
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but fail to indicate the highly dynamic nature of the
protein in terms of its cyclic traffic between the TGN
and the cell surface. Under control conditions in
interphase cells there is very little TGN38 at the cell
w xsurface 6,7,9,10,14,15 ; in fact, recent experiments
suggest that only ;1% of the total population of
TGN38 molecules is at the cell surface at any one
 .time Girotti and Banting, unpublished observations .
However, the level of TGN38 at the cell surface
increases approximately ten-fold in mitotic cells Horn
.and Banting, unpublished observations and in cells
w xincubated in the presence of okadaic acid 15 . This is
presumably because endocytosis is inhibited, but
transport to the cell surface still occurs albeit at a
. w xreduced rate , under these conditions 48 .
4. Internalisation of TGN38 from the cell surface
The rapid cycling of TGN38, coupled with its low
level of expression at the cell surface imply that it is
efficiently internalised from the cell surface. Thus it
was hardly surprising that it was detected in clathrin
w xcoated structures at the cell surface 7 and that
sequences within its cytosolic domain are required
w xfor its TGN localisation 1,16–18 . The cytosolic
domain of TGN38 was originally shown to be impor-
tant for the correct localisation of the protein to the
 .TGN, since in monkey COS cells expressing wild
type ratTGN38 the protein was localised to the TGN
whilst in COS cells expressing ratTGN38 lacking its
cytosolic domain the protein was expressed at the cell
w xsurface 1 . This observation not only showed the
importance of the cytosolic domain of TGN38 in
intracellular targeting, but also demonstrated that the
machinery which recognises that cytosolic domain is
conserved between rodents and primates. In addition,
this observation led to a series of experiments in
different labs in which different regions of the cy-
tosolic domain of TGN38 were appended to the
lumenal and transmembrane domains of various re-
porter proteins normally expressed at the cell surface.
These hybrid proteins were expressed in transiently
 .or, in some cases, stably transfected heterologous
cells and led to the identification of the hexapeptide
‘SDYQRL’ as being the motif required for internali-
sation from the cell surface and efficient return to the
w x  .  .TGN 16–18 see Fig. 1 ; the tyrosine Y and
 . w xleucine L residues being most critical 16–18 , with
 . w xthe serine S also playing a role 17 . Thus the
internalisation motif in the cytosolic domain of
TGN38 fell into the growing class of tyrosine-con-
taining signals required for rapid internalisation from
the cell surface via a clathrin mediated mechanism.
Such motifs have also been suggested to play a role
in the delivery of integral membrane proteins to the
basolateral domain of polarised epithelial cells. It was
therefore not surprising that when some of the hybrid
constructs used to identify the ‘SDYQRL’ motif were
expressed in polarised MDCK cells they were found
to cycle between the TGN and the basolateral plasma
w xmembrane 19 .
Interestingly, whilst structural analysis of synthetic
peptides corresponding to some tyrosine-containing
internalisation motifs has been interpreted as showing
that the critical tyrosine residue lies at the end of a
tight turn, data from similar studies performed on a
synthetic peptide encompassing the ‘SDYQRL’ motif
in TGN38 have been interpreted as showing that the
critical tyrosine residue lies within a nascent helix
w x20 . Determining whether these are genuine struc-
tural differences or simply differences in experimen-
tal procedure and data interpretation awaits further
w xstudy. However, Ohno et al. 21 used a yeast genetic
screen and found that the ‘SDYQRL’ motif interacts
directly with the m2 sub-unit of the AP2 plasma
.membrane adaptor complex. Mutational analysis
showed that the tyrosine residue is necessary for this
interaction to occur, and there is a preference for a
bulky hydrophobic residue in the position occupied
by the leucine. Mutations of the other residues in the
motif had no significant effect on the interaction with
w xm2 21 . During clathrin-mediated endocytosis from
the cell surface, the clathrin cage is linked to the
cytosolic domains of specific integral membrane pro-
teins by a specific hetero-tetrameric complex desig-
w xnated AP2 22 ; one component of this complex is a
 .50 kDa protein m2 . The tyrosine residue in the
‘SDYQRL’ motif is needed for interaction with m2
w x21 providing a functional reason for its requirement
in the internalisation of TGN38 from the cell surface.
 .There is another adaptor complex AP1 which links
the clathrin cage to the cytosolic domains of integral
membrane proteins in membranes destined to form
vesicles which will be delivered to late endosomes
w xandror lysosomes 22,23 . The equivalent of m2 in
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the AP1 hetero-tetramer is m1. It is of note that the
‘SDYQRL’ motif is also capable of binding to m1
w x21 , albeit with an approximately ten-fold lower
affinity than for m2. The data from Ohno et al. are
from in vitro experiments, but, if they represent the in
vivo situation, would imply that TGN38 has the
 .capacity to enter vesicles at the TGN destined to be
delivered to late endosomes andror lysosomes. This
is in addition to the previously defined routing of
w xTGN38 to the cell surface 9,10 . The potential for
direct delivery to lysosomes coupled with a poten-
tially less than 100% efficient trafficking of inter-
nalised TGN38 to the TGN as opposed to lysosomal
.delivery via late endosomes would help to account
 . w xfor its relatively short 9 h reported half-life 3 .
However, potential interactions between TGN38 and
 .the AP-1 TGN adaptor complex must be viewed
with some caution since relatively weak, in vitro
interactions may not accurately reflect the in vivo
situation.
The precise route followed by internalised TGN38
on its way back to the TGN has not been completely
defined, but recent experimental data would imply
that it is delivered to the TGN directly from early
endosomes rather than from a later endocytic com-
w xpartment 24 . Thus, whilst the PI-3-kinase inhibitor
wortmannin blocks both the recycling of the transfer-
w xrin receptor 25 and the delivery of the lysosomal
integral membrane protein lgp120 from the cell sur-
w xface to lysosomes 24 , it has no effect on the inter-
nalisation of TGN38 from the cell surface and its
w xsubsequent delivery to the TGN 24 .
5. Transmembrane localisation motifs in TGN38
Despite its undoubted importance, localisation of
ratTGN38 to the TGN is not solely dependent on the
‘SDYQRL’ motif. Further experiments, in which the
transmembrane domain of either CD4 or CD8 pro-
.teins normally expressed at the cell surface was
replaced with that of ratTGN38 and the chimeric
 .protein transiently expressed in human HeLa cells,
demonstrated that the transmembrane domain of
ratTGN38 is sufficient to localise these chimeras to
w xthe TGN 26 . These data were supported by the
observation that in stably transfected COS cells ex-
pressing mutant ratTGN38 lacking a cytosolic do-
main, the recombinant protein could still be detected
w x in the TGN 27 . Thus, both retrieval the ‘SDYQRL’
. internalisation motif and retention the transmem-
.brane domain signals are involved in maintaining the
w xsteady state distribution of TGN38 28 .
6. Cytosolic proteins which interact with TGN38
The mechanisms by which the previously de-
scribed regions of the protein affect its localisation
and intracellular itinerary remain to be elucidated.
However, several cytosolic proteins have been shown
to interact with the cytosolic domain of TGN38
w x w x21,29 . The direct interaction with m2 and m1 21
has already been discussed. Immunoprecipitation of
TGN38 in the presence of a zwitterionic detergent
 .CHAPS indicated that the cytosolic domain of
TGN38 interacts with a complex of proteins which
includes small GTP-binding proteins one of which is
.rab6 and a 62 kDa cytosolic protein designated p62
w x29 . This complex appears to possess PI-3-kinase
activity, whilst p62 is reported to have sequence
homology to the regulatory sub-unit of PI-3-kinase
w x30 . Data from an in vitro budding assay using a
sub-cellular fraction enriched ;20 fold for stacked
 .Golgi membranes and lumenal contents suggests
that TGN38 and cytosolic factors are required for
w xpost-TGN vesicle formation 29 . Phosphorylation of
p62 regulates its association with the cytosolic do-
w xmain of TGN38 29,31 and specific residues within
the cytosolic domain of TGN38 have been identified
w xas being important for interaction with p62 32 . In
addition, electroporation of cells with antibodies to
the cytosolic domain of TGN38 leads to a significant
w xdecrease in protein secretion 33,34 . Thus, formation
of the p62rrab6rTGN38 cytosolic domain complex
appears to be a pre-requisite for vesicle formation at
exit sites from the TGN and underlies the functional
importance of TGN38 in this part of the cell. It is
also worthy of note that TGN38 is probably dimeric
w xat this point in its recycling pathway 29 .
w xNarula and Stow 35 have shown that another
 . w xcytosolic protein p200 36 can be localised to TGN
membranes, and is associated with the cytosolic face
of vesicles budding from TGN membranes under
w xconditions which activate GTP-binding proteins 35 .
These authors also showed, by immuno-gold la-
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belling and electron microscopy on thin frozen
cryosections, that there is an overlapping distribution
of TGN38 and p200 on TGN membranes; thus rais-
ing the possibility that p200 and the cytosolic domain
of TGN38 play a concerted role in the formation of a
particular class of vesicles at the TGN. As is the case
with antibodies to the cytosolic domain of TGN38,
electroporation of cells with antibodies to p200 leads
w xto a significant decrease in protein secretion 33,34 .
These data have led to the suggestion that a complex
involving p200, p62, a small GTP-binding protein,
and a dimer of TGN38 is involved in the formation
w xof exocytic transport vesicles at the TGN 34 .
A growing number of coats and adaptor complexes
w x37 is being shown to be associated with TGN
membranes; the minimal amount of data available so
far would suggest that the cytosolic domain of TGN38
is a component of structures which assemble on the
cytosolic face of TGN membranes as a prerequisite to
the formation of particular types of post-TGN vesi-
cles.
7. Phosphorylation of the cytosolic domain of
TGN38
There are, as yet, no published data which show
that TGN38 is phosphorylated in vivo. In fact, under
its guise as GIMPt, it was shown not to be phospho-
w xrylated 3 . However, in vitro studies have shown that
both serine residues and the single threonine residue
in the cytosolic domain of TGN38 are substrates for
phosphorylation by protein kinase A andror protein
w xkinase C 31 . Phosphorylation of the membrane
proximal serine residue regulates binding of p62 in
w xvitro 31 . Thus reversible phosphorylation of specific
residues in the cytosolic domain of TGN38 may
regulate its intracellular trafficking; this would be
analogous to the situation observed with furin another
type 1 integral membrane protein which is predomi-
nantly localised to the TGN, but cycles between the
.TGN and the cell surface where reversible phospho-
rylation of its cytosolic domain by casein kinase II
w xmodulates its intracellular trafficking 47 . The cy-
tosolic domain of TGN38 is, however, not a substrate
w xfor casein kinase II 31 ; thus regulation of its intra-
cellular trafficking is not via the same mechanism as
that imposed upon furin. It should be noted in this
context that incubation of cells in the presence of
okadaic acid an inhibitor of protein phosphatases 1
.and 2A leads to a ten-fold elevation of expression of
w xTGN38 at the cell surface 15 . It is unclear whether
this is by virtue of a direct or indirect effect upon
TGN38, however data from recent experiments de-
signed to address the role played by the serine residue
which lies within the ‘SDYQRL’ internalisation mo-
tif in the cytosolic domain of TGN38 have shown
that its mutation leads to an elevation in cell surface
expression of TGN38 Roquemore and Banting, un-
.published observations . These findings suggest that
subtle phosphorylationrdephosphorylation events
may act to regulate the movement of TGN38 to and
from different intracellular compartments. Impor-
tantly, such mechanisms may also be a means to
recruit andror disassemble the cytosolic TGN38-as-
sociated complexes which are required for vesicle
biogenesis at the TGN.
8. Orthologues of TGN38
 .An isoform of TGN38 designated TGN41 was
w xidentified several years ago 38 , it behaves as TGN38
and is identical in sequence to TGN38 apart from the
last three amino acids of TGN38 which are replaced
w xby a stretch of 26 amino acids in TGN41 38 . Only
recently have cDNA clones encoding species homo-
 .logues orthologues of ratTGN38 been isolated
w x39,40 . No orthologue of TGN41 has been identified.
w xAlignment of the conceptual translations of rat 1 ,
mouse two isoforms differing in the number of
. w xlumenal domain repeats-see below 40 , rabbit, ham-
w xster, monkey and human 39 cDNA orthologues
demonstrates that the sequences of transmembrane
and cytosolic domains of the protein are highly con-
 .served see Fig. 3 for alignment of these regions ,
with absolute conservation of both the cytosolic
‘SDYQRL’ motif and the upstream serine which is
.supposedly involved in regulation of p62 binding .
This might have been predicted since these are the
 .regions of the rat protein which have i been shown
to be required for the appropriate localisation of the
 .protein and ii work as localisation signals in diverse
species. However, the high degree of sequence con-
servation throughout these regions would suggest that
molecules other than those already identified might
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Fig. 3. Alignment of the predicted transmembrane domain and cytosolic domain sequences of ratTGN38 and its orthologues. Differences
 .in amino acid sequence are indicated. The ‘stop transfer’ sequence delineating the transmembrane domainrcytosolic domain boundary
is underlined, the conserved ‘SDYQRL’ internalisation motif is in bold. cDNA clones encompassing the entire coding sequences of
 .human, macaque and mouse two isoforms orthologues of ratTGN38 have been isolated. The different orthologues have been designated
w xhumTGN46, macTGN47 and MmTGN38 respectively 39 . The rabbit and hamster sequences are derived from PCR products generated
w xusing primers based upon the rat sequence 39 .
play roles in regulating the intracellular trafficking of
TGN38 by virtue of sequencerstructure-dependent
interactions.
The more surprising observation which came out
of comparison of the orthologous sequences was that
there is very little homology between the bulk of the
 .lumenal extracellular domains of the proteins, in
w xfact they show only 20–26% identity 39 . Both
rodent and primate lumenal domains include direct
repeat sequences; in rodents there are either six rat
. w x and mouse isoform A 1,40 or seven mouse iso-
. w xform B 40 copies of an octapeptide repeat, whilst
in primates there are fourteen or fifteen copies of a
w xtetradecapeptide repeat 39 . There is little sequence
similarity between the primate and rodent repeats, but
both contain proline, serine and threonine residues.
These features, coupled with the fact that both pri-
mate and rodent orthologues of TGN38 are heavily
w xglycosylated 1,38,39 led to the suggestion that
TGN38 and its orthologues may define a novel fam-
w xily of mucin-like proteins 39 . Features such as
extensive N- and O-glycosylation, direct tandem re-
peats containing proline, serine and threonine
residues, and divergence in the sequence of repeats
between orthologues are also exhibited by the mucin
w xgene products 41,42 . Intriguingly, another protein
which has been described as being mucin-like for
.the same reasons as those listed above is the ligand
 . w xfor human P-selectin PSGL-1 43 . PSGL-1 is a
type I integral membrane glycoprotein which con-
tains fifteen direct copies of a decapeptide repeat;
both the P-selectin repeat and the repeats in the
primate orthologues of TGN38 contain the tetra-
peptide sequence ‘EAQT’. The functional signifi-
cance of this observation is not yet clear, but it may
indicate a role for the lumenal domain of TGN38 and
its orthologues in protein:protein andror
protein:carbohydrate interactions.
Perhaps some previously published data should be
revisited in light of the observation that the lumenal
domains of the different TGN38 orthologues are so
different. Much of the work which led to the identifi-
cation of the localisation motifs in ratTGN38 was
performed using reporter constructs expressed in het-
erologous cell systems in which various regions of
the transmembrane domain andror cytosolic domain
of ratTGN38 were appended to the lumenal andror
transmembrane domains of proteins normally resident
w xat the cell surface 16–19,26 . These experiments
failed to take any account of the possible role which
the lumenal domain of TGN38 may play in the
intracellular trafficking of the protein. Thus a hybrid
protein whose sole TGN38 component is derived
from the ratTGN38 cytosolic domain is primarily
localised to the TGN of MDCK cell and cycles via
w xthe basolateral cell surface 19 , but this may not
necessarily be the case for the endogenous canine
orthologue of TGN38 in the same cells. It is conceiv-
able that the lumenal domain of TGN38 may possess
apical targeting information to complement the previ-
ously characterised basolateral targeting information
in the cytosolic domain.
9. Over-expression of TGN38
It is also of note that studies on the localisation of
ratTGN38 demonstrated that its elevated expression
 .  .in monkey COS or human HeLa cells led to a
fragmentation of the TGN without any increase in
w xcell surface expression 27 . Thus, the endocytic ma-
chinery has the capacity to accommodate a signifi-
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cant increase in the level of expression of ratTGN38
in a heterologous cell system, but the TGN itself
appears to be incapable of remaining intact under
such circumstances. Intriguingly, when recombinant
ratTGN38 is expressed at elevated levels in stably
 . transfected rat NRK cells as a Green Fluorescent
.Protein-tagged construct no fragmentation of the
w xTGN is observed 44 . These observations have led to
the suggestion that interactions between the lumenal
domains of TGN38 molecules are required for main-
w xtenance of the morphology of the TGN 44 . Elevated
levels of expression of the endogenous form of
TGN38 do not lead to fragmentation of the TGN
presumably because compatible sets of repeat se-
.quence are being expressed , but elevated levels of
expression of TGN38 orthologues does lead to frag-
mentation presumably because non-compatible sets
of lumenal domain repeats are being expressed in the
.same TGN .
( )10. Model of the role s played by TGN38
 .The precise role s played by TGN38 and its ortho-
logues remains unclear. However the data published
to date are consistent with a model in which the
cytosolic domain of the protein is involved in the
reversible recruitment to the membrane of cytosolic
proteins involved in vesicle formation, whilst the
lumenal domain is involved in maintaining the mor-
phology of the TGN. The mucin-like nature of the
lumenal domain of TGN38 would imply that it is
highly hydrated, a feature which would facilitate
concentration of the lumenal contents of the TGN.
This might aid sorting of the contents of the TGN,
with some glycoproteins being concentrated by asso-
ciation with the lumenal domain of TGN38 by virtue
.of a P-selectin:PSGL type interaction and others
being excluded from interaction with TGN38 and
concentrated in the remaining aqueous milieu. It is of
note that increased concentration is part of the mech-
anism which is used to sort proteins that enter the
w xregulated secretory pathway 45 . Binding of ‘cargo’
to the lumenal domain of TGN38 as proposed by
w x.Stanley and Howell, 46 might then trigger recruit-
ment of the p62rrab6 complex to the cytosolic do-
main of the protein, leading to the formation of
transport vesicles bearing a specific sub-set of the
total population of proteins present in the TGN lu-
men. Such a model would require that ‘cargo’ binds
to the lumenal domain of TGN38 in the TGN and is
released after either vesicle formation or vesicle fu-
sion with the cell surface. This reversible association
could be accommodated by the different pH of the
different environments. An extension of this argu-
ment is that, since the cytosolic domain of TGN38
acts as a basolateral targeting motif in polarised cells
w x19 , TGN38 may play a role in the targeted delivery
of TGN lumenal contents to the basolateral surface of
such cells. It is clear that, once TGN38 reaches the
cell surface, the cytosolic domain of the protein is
critical for its rapid internalisation and subsequent
return to the TGN.
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